Abstract. The deformed microstructure and recrystallization behavior of copper samples processed using equal channel angular extrusion (ECAE) have been investigated. The heavily deformed microstructure was found to be non-uniform through the sample thickness and to vary in a manner consistent with the non-uniform distribution of strain imposed by processing. The through-thickness heterogeneity of the deformed microstructure resulted in a different extent of recrystallization in different layers during annealing. Recrystallized grains were also observed in samples that were not annealed, but stored at room temperature, which indicates that the deformed microstructure of ECAE-processed pure copper is unstable even at room temperature. In each sample, recrystallization was found to initiate in regions containing predominantly large misorientations.
Introduction
Equal channel angular extrusion is one of the most commonly used techniques for severe plastic deformation. In many early publications, microstructures produced by ECAE have been described as homogeneous [1, 2] . More detailed microstructure analysis however indicates that the ECAEdeformed materials are typically heterogeneous. The heterogeneities exist both locally and on the sample scale, e.g. from the end to the middle [3] or the top to the bottom of the billet [4] . The presence of deformation-induced heterogeneities is known to affect the progress of recrystallization and therefore should be characterized thoroughly. In our previous work [4] [5] [6] , we have performed quantitative analysis of heterogeneities of the deformed and partially recrystallized microstructure in several copper samples heavily deformed by ECAE. Most important findings from these experimental studies are summarized in the present communication.
Experimental
Two copper samples (99.96% purity) were deformed to a strain of 8 using a 90° die [5, 6] . The samples were deformed either without rotation of the billet (route A) or using sequential 90° rotations between passes (route Bc). This material was investigated in the as-deformed condition [5] and after eight years of room-temperature storage [6] . An additional route-A sample (copper of 99.98% purity) was prepared by extruding a 15-mm-diameter billet of length 100 mm to a strain of 10 in a 120° die [4] . A part of this sample was stored at -20°C between sample preparation and characterization operations. Another part was annealed at 160°C for 2 hours. In this sample, three different depths were investigated: 1 mm from the top surface (the surface that passed through the inner corner of the ECAE die), along the centerline and at 0.4 mm from the bottom surface. These depths correspond to ~7, 50, and 97% from the top surface, which are hereafter referred to as the top, center, and bottom of the billet, respectively.
The microstructure of the samples was investigated in the longitudinal side section that contained the extrusion direction (ED) and the normal direction (ND), see [4, 5] . The EBSD technique coupled to a Zeiss Supra 35 FEGSEM was used for orientation mapping. For each sample and investigated depth, several EBSD maps were produced each covering approximately 3400 µm 2 . Due to the presence of orientation noise in the data only misorientations above 2° were considered in a quantitative analysis of boundary populations. The heterogeneity was analyzed using a method that is based on a partitioning of the microstructure into regions containing either predominantly high angle misorientations, referred to as high misorientation regions (HMRs), or predominantly low angle misorientations, referred to as low misorientation regions (LMRs) [4, [6] [7] [8] . To obtain a LMR/HMR partitioning, a "grain reconstruction" of each ESBD data set was carried out at 5°. Then all detected "grains" with an area greater than 2.5 µm 2 were classified as LMRs and the remaining regions were classified as HMRs. Thus, each LMR subset consists of regions > 2.5 µm 2 where the microstructure contains boundaries with misorientation of < 5°. A modified approach was used for quantitative analysis of recrystallized grains (for details see [4, 6] ).
Results and Discussion
The microstructure from the center layer of the route-A sample deformed to a strain of 10 is shown in Fig. 1 . No recrystallized grains were observed in this sample after one year of cold storage. The misorientation map (Fig. 1a) demonstrates that the microstructure consists of well-refined regions mostly subdivided by high angle boundaries (HABs) alternating with regions that contain mainly low angle boundaries (LABs). Quantitative analysis of these two types of subdivided regions is enabled through the HMR/LMR partitioning. The HMR/LMR map is given in Fig. 1b , where grey (cyan in the online version) regions are HMRs and white regions are clusters of LMRs. Following such a partitioning the area fraction and other characteristics of these regions can be analyzed separately. The same approach was applied for characterizing the microstructure in the top and bottom layers and the results are given in Table 1 .
It is seen that the fraction of HABs approaches 60% in a large portion of the billet, but reduces to ~50% near the volumes that have passed through the outer die corner. The HAB spacing is greater near the bottom compared to the values for the top and center layers. This type of heterogeneity is due to the non-uniform strain distribution through the billet thickness. For the same die and similar friction conditions, it was established that the applied strain was much lower in the bottom of the billet than in the center and top layers, where the applied strain was relatively uniform [3] . Therefore, the greater HAB spacing and lower fraction of HABs in the bottom are due to the lower strain in this part of the ECAE-deformed billet.
It is interesting that the LMR/HMR fractions appear to be more sensitive parameters than the fraction of HABs/LABs or the boundary spacing. Whereas the latter parameters are very similar for the top and the center of the billet (Table 1) , the LMR/HMR fractions vary considerably between these layers, better reflecting the heterogeneity of the microstructure. The broad LMR bands found in the center of the deformed billet are suggested to originate from the coarse grains that were frequent in the initial microstructure in this layer [4] . It appears that some of these grains were able to resist breaking into highly misoriented volumes even after a strain of ~10. Analysis of pole figures indicated that the LMR bands represented two main ideal orientations of the predicted ECAE texture [4] . Weak ECAE textures were observed in the HMRs. The high frequency of mobile boundaries and a high driving force for recrystallization make HMRs preferable sites for nucleation. Indeed, most recrystallized grains in the partially recrystallized microstructure were found inside the HMRs (see Fig. 2 ). Therefore, the relative loss of the HMRs during recrystallization was significant compared to that of the LMRs. Figure 3 shows that the initial fraction of the LMRs remained almost unchanged in the partially recrystallized condition, while recrystallization consumed a significant fraction of the HMRs. Comparing the extent of recrystallization in the three different layers, it is evident that it generally follows the distribution of strain. The less strained bottom part revealed larger HAB spacings than the other two layers, the lowest fraction of HABs and HMRs, and was less recrystallized than the other two layers (see Fig. 3 ). In the top and center layers, where the differences in the effective strain during deformation were small, and where the HAB fractions were similar (Table 1) , the loss of the HMRs results in similar recrystallized fractions.
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Recrystallization and Grain Growth IV Although the microstructure in pure copper processed by ECAE has been reported stable at temperatures below 100°C [1, 9] , we found evidence of partial recrystallization in the strain-8 samples stored at room temperature. Due to the lower strain, the HAB and HMR fractions were smaller in these samples than in the strain-10 sample (compare Table 1 and Table 2 ). However, the driving pressure in the strain-8 samples was sufficiently high to result in partial recrystallization at room temperature. Similar to the observations made after annealing, recrystallized grains produced during room-temperature storage were most frequently found in the HMRs (see Fig. 4 ). Quantitative EBSD analysis showed that recrystallized grains occupied 2-5% of the total area inspected ( Table  2 ). This and several other observations [10, 11] prove that ECAE-processed copper is not stable at room temperature. A similar finding was recently obtained for ECAE-processed silver [12] . Heavily deformed pure metals of low to medium stacking fault energies are prone to room temperature recrystallization also when being subjected to other deformation modes [13, 14] . In this respect, the ECAE-deformed microstructure is similar to other heavily deformed microstructures, where the high driving pressure and the presence of microstructural heterogeneities can trigger recrystallization even without additional heating. Reproduced from [6] with kind permission of Springer Science and Business Media.
Summary
Microstructures in the ECAE-processed copper samples are found to be heterogeneous. The extent of refinement by high angle boundaries is shown to vary both locally between different regions and between different layers. The presence of broad LMR bands in the heavily deformed microstructure appears to be related to their crystallographic orientation as such LMR bands frequently represented stable end orientations of the ECAE texture. On the sample scale, the area fraction of LMRs follows the distribution of strain being greater in the less strained bottom part of the billet. Reflecting the lower strain in this layer, recrystallization here was less pronounced than in the top and center layers. The HMRs are found to be preferable sites for nucleation during both controlled annealing and long-term room-temperature storage. Thus, the LMR/HMR partitioning provides a useful methodology to analyze heterogeneities in both deformed and annealed microstructures.
